Gonadotropin-releasing hormone (GnRH) neurons form the final common pathway for the central regulation of reproduction. Gamma-amino butyric acid (GABA), the main inhibitory neurotransmitter in the adult brain, has long been implicated in playing key roles in the regulation of GnRH neurons. Two groups reported recently that GABA depolarizes GnRH neurons, although one group reported a hyperpolarizing action of GABA. In this study, we investigated the GABA-induced changes in [Ca 2+ ] i of GnRH neurons from GnRH-enhanced green fluorescent protein (GnRH-EGFP) rats both to confirm the depolarizing action of GABA and to further examine the developmental and estrous cycle-dependent modulations of GABA action. GABA increased [Ca 2+ ] i in GnRH neurons at all developmental stages of both sexes. GABA also increased [Ca 2+ ] i in adult female GnRH neurons prepared in the afternoon at each estrous cycle stage. The percentages of neurons with increased [Ca 2+ ] i were 90% in proestrus, 59% in estrus, 84% in diestrus I, and 89% in diestrus II. In GnRH neurons prepared from adult females in the morning, however, the percentage was significantly lower than in those prepared in the afternoon, except in estrus. The percentage was also lower in adult males than in adult females. GABA responses were mimicked by muscimol and blocked by bicuculline. In addition, removal of extracellular Ca 2+ completely suppressed the GABA action, and bumetanide attenuated the response. These results indicate that GABA depolarizes GnRH neurons by activating GABA A receptors, thereby activating voltage-gated Ca 2+ channels and facilitating Ca 2+ influx. In addition, the response to GABA is modulated according to the estrous cycle stage, diurnal rhythm, and sex.
INTRODUCTION
The gonadotropin-releasing hormone (GnRH) neuron constitutes the final output of neurons in the neuroendocrine control of reproduction. Gonadotropin release from the pituitary is regulated by GnRH released from the nerve terminal of GnRH neurons at the median eminence. The GnRH release is closely related to the activity of GnRH neurons that are regulated by neurotransmitters, steroid hormones, and growth factors [1] . Among them, c-amino butyric acid (GABA) is one of the major players in the regulation of GnRH neurons. In the present study, therefore, we analyzed the direct effect of GABA in rat GnRH neurons.
The direct action of GABA on GnRH neurons has been studied using an immortalized GnRH neuronal cell line (GT1 cell) and, recently, GnRH promoter-driven transgenics. GT1 cells synthesize GABA [2] and express functional GABA A receptors. The activation of GABA A receptors in GT1 cells depolarizes the membrane potential, which activates the voltage-gated Ca 2þ channels, thereby facilitating Ca 2þ influx and increasing [Ca 2þ ] i and GnRH release [3] . Gonadotropinreleasing hormone neurons of adult female mice express functional GABA A receptors [4] . Activation of the GABA A receptors excites both mouse GnRH neurons [5, 6] and rat GnRH neurons [7] . In accordance with these findings, the reversal potential of GABA A receptor current is more positive than the resting potential in both mouse GnRH neurons [5] and rat GnRH neurons [7] . However, contradictory results on the actions of GABA have been demonstrated in slice preparation [8, 9] . The effect of GABA on mouse GnRH neurons switches from depolarization to hyperpolarization at puberty in females [8] . In addition, the GABA A receptor antagonist increases the firing rate of GnRH neurons [9] . Interestingly the same GABA A receptor antagonist suppresses the firing of GnRH neurons when blocking ionotropic glutamate receptors [6] .
Because the GABA A receptor is an ion channel that is Cl [10] [11] [12] . In contrast, the solute carrier family 12, member 2 (SLC12A2, Na ] i . In adult rats, Slc12a5 mRNA is expressed in 5% of GnRH neurons, whereas Slc12a2 mRNA is expressed in 14% of GnRH neurons [5] . In adult mice, a similar expression of Slc12a5 and Slc12a2 mRNAs is shown in GnRH neurons [5] , whereas the other group reported that 34% of GnRH neurons express Slc12a5 mRNA [13] .
The action of GABA on GnRH neurons is still controversial, as described above. Therefore, the present study aims to confirm the depolarizing action of GABA on GnRH neurons and to examine whether or not the response to GABA via GABA A receptors is modulated according to estrous cycle stage and sex. We analyzed the direct action of GABA on enhanced green fluorescent protein (EGFP)-tagged GnRH neurons [14, 15] in overnight culture by means of intracellular Ca 2þ imaging and showed that GABA increased [Ca 2þ ] i in GnRH neurons from adult as well as prepubertal rats. The response to GABA was modulated according to estrous cycle stage, the diurnal rhythm, and sex.
MATERIALS AND METHODS

Animals
Transgenic rats in which EGFP was genetically targeted to GnRH neurons [14] were used. The rats were housed under a controlled photoperiod (14L:10D) and had free access to food and water. Estrous cycle stage was monitored by means of vaginal smear histology. Neonatal (Postnatal Days 1-6 [P1-P6]), infantile (P11-P18), juvenile (male: P25-P27, female: P23-P28), peripubertal (male: P41-P43, female: P35-P36), and adult (after P63) rats were used. All experiments were performed with the approval of the Nippon Medical School Animal Care Committee.
Primary Culture
Brains were removed from rats under ether anesthesia. The medial septum, diagonal band of Broca, organum vasculosum of the lamina terminalis (OVLT), and medial preoptic area were sectioned with a razor and surgical blades. The sections were minced and treated with papain (21 U/ml; Funakoshi, Tokyo, Japan) for 30-60 min at 308C with gentle agitation. The tissues were triturated with a 5-ml plastic pipette after several washes with minimum essential medium (Life Technologies Inc., Tokyo, Japan). The cell suspension was applied to discontinuous Percoll density gradient centrifugation to remove debris. The cells were obtained from the middle layer of the density gradient centrifugation composed of 1.0, 1.023, and 1.078 g/ml layers and were plated on poly-lysine-coated coverslips and incubated overnight in Neurobasal-A medium (Life Technologies) supplemented with 0.5 mM L-glutamine and B-27 (Life Technologies) at 378C.
Measurement of [Ca 2þ ] i
Cells were loaded with 2 lM Fura-PE3 acetoxymethyl ester (TefLabs, Austin, TX) for 90 min at 378C. The coverslip was placed in a small superfusion chamber on the stage of an IX70 inverted microscope (Olympus, Tokyo, Japan), and [Ca 2þ ] i was recorded using the QuantiCell 700 system (Applied Imaging, Sunderland, U.K.). The cells were illuminated alternately at 340-and 380-nm excitation wavelengths, and then 510-nm emission light images were captured by an image-intensifying, charge-coupled device camera (Photonics Science, Turnbridge Wells, U.K.). The time interval of each 340-to 380-nm ratio frame was 3 sec. Ratios were converted to Ca 2þ concentrations as described previously [16] . We set the magnitude of 380-nm excitation at a level insufficient to excite EGFP. Thus, the contamination by EGFP emission to that of Fura-PE3 at 380-nm excitation was negligible, as reported previously [17] [18] [19] . The perfusion medium consisted of (in mM): 126.3 NaCl, 5 KCl, 10 CaCl 2 , 0.8 MgCl 2 , 10 glucose, 20 Hepes, 0.6 NaHCO 3 , and 0.1% BSA; pH 7.4; and osmolality, 300 mOsm. Cells were continuously superfused at 378C throughout the experiment, and all drugs were applied through superfusion. A 
Chemicals
GABA, bumetanide, bicuculline, and muscimol were purchased from Sigma (St. Louis, MO). All drugs were freshly prepared just before use.
Statistics
The results are expressed as mean 6 SD. The differences in the percentage of GnRH neurons responding to GABA by increasing [Ca 2þ ] i were analyzed with a chi-square test using a 2 3 2 contingency table. A P value of less than 0.05 was considered statistically significant.
RESULTS
Effect of GABA on GnRH Neurons from GnRH-EGFP Transgenic Rats by Developmental Stage
Gonadotropin-releasing hormone neurons were identified by EGFP expression in a dissociated culture. The effect of GABA on the GnRH neurons was examined using intracellular Ca 2þ imaging. Bath application of 100 lM GABA either increased or decreased [Ca 2þ ] i in 63%-94% of the GnRH neurons examined (Fig. 1A) . These responses were mimicked by a GABA A receptor agonist, muscimol (100 lM), and blocked by an antagonist, bicuculline (100 lM; Fig. 1, B and C) . Furthermore, removal of extracellular Ca 2þ completely suppressed the GABA-induced increase in [Ca 2þ ] i , and an inhibitor of SLC12A2, bumetanide [11] , attenuated the response (Fig. 1, D and E) .
The effects of GABA on GnRH neurons from prepubertal rats were then examined. In the infantile (76 cells from eight rats) and juvenile (35 cells from three rats) stages, ;70% of male GnRH neurons responded to GABA by increasing [Ca 2þ ] i (Fig. 2A) ; the percentage of responding neurons decreased to 49% in the peripubertal stage (75 cells from three rats; P , 0.05 vs. infantile and juvenile). A similar tendency was seen in the female GnRH neurons (Fig. 2B) . The percentage of GnRH neurons responding to GABA by augmenting [Ca 2þ ] i increased from 68% in the neonatal stage (53 cells from five rats) to 94% in the infantile stage (34 cells from four rats; P , 0.01 vs. neonate, juvenile, and peripubertal), and then it decreased to 69% in the juvenile stage (29 cells from four rats) and 53% in the peripubertal stage (68 cells from three rats). In the infantile period, more female GnRH neurons showed [Ca 2þ ] i increase by GABA than male GnRH neurons (P , 0.01). Most of the non-GnRH neurons (non-EGFP cells) were unresponsive to GABA (Fig. 2, C and  D) . Less than 20% of non-GnRH neurons responded to GABA by either increasing or decreasing [Ca 2þ ] i . The effects of GABA on adult GnRH neurons were then examined. In GnRH neurons prepared from adult females in the afternoon (1600 h), 55%-90% of the neurons increased [Ca 2þ ] i in response to 100 lM GABA (Fig. 3A) . In the proestrus (86 cells from four rats), diestrus I (64 cells from three rats), and diestrus II (54 cells from three rats) stages, 84%-90% of GnRH neurons increased [Ca 2þ ] i , and 55% of them increased it in the estrous stage (102 cells from four rats; P , 0.01 vs. proestrus, diestrus I, and diestrus II). In adult male rats, only 50% of GnRH neurons showed the GABA-induced increase in [Ca 2þ ] i (72 cells from three rats; P , 0.01 vs. proestrus, diestrus I, and diestrus II). In female GnRH neurons prepared in the morning (0930 h), however, the percentage of the cells responding to GABA by increasing [Ca 2þ ] i was significantly lower (50%-57% in 370 cells from 17 rats) compared with those prepared in the afternoon (Fig. 3B) 
GABA INCREASES [Ca 2þ ] i IN ADULT RAT GNRH NEURONS
each estrous cycle stage except estrus (P , 0.01). More than 90% of the adult non-GnRH neurons were unresponsive to GABA (Fig. 3C) .
DISCUSSION
The present study shows that: 1) GABA increased [Ca 2þ ] i of rat GnRH neurons by activating GABA A receptors and 2) percentage of the responding neurons to GABA was ;90% in GnRH neurons from proestrous and diestrous rats, whereas it was 55% in the neurons from estrous rats and 50% in the neurons from adult males.
The GABA-induced [Ca 2þ ] i increase was inhibited by a GABA A receptor antagonist and by removal of extracellular Ca 2þ . This suggests that GABA depolarizes GnRH neurons through activation of GABA A receptors, thereby activating voltage-gated Ca 2þ channels and facilitating Ca 2þ influx. Thus, the present results confirm a depolarizing action of GABA in GnRH neurons from adult rats [7] . A similar excitatory response to GABA has been shown in dorsal root ganglion neurons [20] , olfactory sensory neurons [21] , and the dorsal neurons of suprachiasmatic nucleus [22] in adult animals. In comparison with GnRH neurons, almost all non-GnRH neurons showed no response to GABA, indicating that the depolarizing response in GnRH neurons is not an artifact due to our cell preparation. The excitatory action of GABA on GnRH neurons was consistent with other reports that the reversal potential of GABA is more positive than the resting potential in mouse [5] and rat [7] GnRH neurons of adult animals, and with the GABA increases [Ca 2þ ] in GT1-7 cells [23] . But our results are inconsistent with the report that the effect of GABA on GnRH neurons switches from depolarization to hyperpolarization at puberty in mouse GnRH neurons in an acute slice preparation [8] . In addition, the GABA A receptor antagonist increases the firing rate of GnRH neurons [9] . GABA A receptors are widely expressed among central neurons [24] [25] [26] , including ones influencing GnRH neurons. Gonadotropinreleasing hormone neurons receive an excitatory input from glutamatergic neurons that express GABA A receptors [27] . In this situation, application of GABA A receptor antagonists could facilitate the activity of the glutamatergic neurons by blocking their GABA A receptors, thereby augmenting glutamatergic input to GnRH neurons. To examine the direct effect of GABA on GnRH neurons, it is necessary to block the glutamatergic input. In fact, GABA A receptor antagonist decreases the firing rate of GnRH neurons in the presence of ionotropic glutamate receptor antagonists, whereas the blockade of GABA A receptors increases the firing activity in the absence of the ionotropic glutamate receptor antagonists [5, 6] . These indicate that the effect of GABA on GnRH neurons is excitatory.
Among GnRH neurons prepared in the afternoon, the percentage of the neurons responding to GABA by increasing [Ca 2þ ] i was lower in estrus and adult males than in the proestrus and diestrus, indicating that the response to GABA in GnRH neurons changes throughout the estrous cycle and shows sex difference. The differences must be due to intrinsic properties of GnRH neurons because the experiments were done in dispersed GnRH neurons. Furthermore, GnRH neurons show estradiol-dependent change in the firing pattern, and the blockade of ionotropic GABAergic and glutamatergic transmission eliminates the change [28] , indicating the presence of both intrinsic and extrinsic properties of GnRH neurons that modulate their activity throughout the estrous cycle.
Intracellular Cl accomplished by the downregulation of SLC12A2 and upregulation of SLC12A5 functions [10] . In adult rats, Slc12a2 mRNA is expressed in 14% of GnRH neurons, whereas Slc12a5 mRNA is expressed in 5% of the neurons [5] . The present results also clearly indicate a functional expression of SLC12A2 in rat GnRH neurons, because a blocker for SLC12A2 bumetanide attenuated the GABA-induced increase in [Ca 2þ ] i . The function and the protein expression of SLC12A5 or SLC12A2 are rapidly modulated by intracellular and extracellular substrates, phosphorylation state, and the interaction with the regulatory proteins [29, 30] . Protein kinase C downregulates SLC12A5 function [31] and its surface expression [32] . Staurosporine, a broad-spectrum kinase inhibitor, rapidly upregulates SLC12A5 function in immature neurons [33] . Brain-type creatinine kinase is also reported to possibly regulate the SLC12A5 function [34] . Taken together, it is reasonable to speculate that the functional expression of SLC12A2 and/or SLC12A5 is changed according to the estrous cycle stage and is different between males and females. These changes may modulate the response to GABA. Electrophysiologically, however, the reversal potential of GABA in adult rat GnRH neurons shows no difference with regard to sex or estrous cycle stage [7] . That report determined the reversal potential of GABA using a gramicidin-perforated patch clamp technique, with the pipette solution containing 140 mM Cs þ . Because SLC12A5 expels Cl À with K þ out of the neuron using the K þ gradient, replacement of intracellular K þ by Cs þ interferes with SLC12A5 activity [11, 35] . Therefore, SLC12A5 activity might be inhibited in that report [7] , thereby obscuring some change in the reversal potential. This effect, however, should be small, because the expression of SLC12A5 in rat GnRH neurons is low [5] . Moreover, Yin et al. [7] , compared the reversal potential of GABA in GnRH neurons and in non-GnRH neurons and showed that the reversal potential in GnRH neurons is more depolarized than that in non-GnRH neurons. This suggests that the effect of intracellular Cs þ is not very strong but might change the reversal potential just enough to produce the changes observed in the present study. An involvement of GABA B receptor activation may influence the response to GABA because its activation increases K þ permeability, thereby hyperpolarizing the cell. This hyperpolarization could decrease the [Ca 2þ ] i . In the presence of bicuculline, GABA decreased [Ca 2þ ] i (Fig. 1C) , implying the activation of GABA B receptors. The latter possibility is probable because the response through GABA B receptors was blocked by intracellular Cs þ in electrophysiology experiments. In any case, the precise cause should be determined in future experiments.
Other than the differences according to estrous cycle stage and sex, time of the cell preparation produced some difference in the percentage of GnRH neurons increasing [Ca 2þ ] i in response to GABA, suggesting that GnRH neurons keep a certain property related to the circadian rhythm even in overnight culture. GT1-7 cells express the CLOCK gene, and dominant-negative mutant disrupts pulsatile GnRH release [36] , and CLOCK mutant mice have disrupted estrous cycles [37] . The luteinizing hormone (LH) release mechanism is under a 24-h photoperiodic control. The hypothalamic signal occurs daily between 1400 h and 1600 h (lights on 0500 h to 1900 h), which is the critical period that leads to LH release [38, 39] . Lesioning or isolation of the suprachiasmatic nucleus prevents transduction of the lighting periodicity and subsequently terminates the estrous cycle in rats [40] . Thus, the preparation time-dependent change in the GABA response might relate to the circadian rhythm in GnRH neurons and LH release.
The role of the excitatory action of GABA in regulating GnRH neurons remains to be determined. But in general, excitatory GABA plays an important role in the synchronous [Ca 2þ ] i oscillations at early stages of development [41] . Therefore, the excitatory action of GABA in adult GnRH neurons may contribute to the synchronous [Ca 2þ ] i oscillations and may increase the firing activity. The preovulatory gonadal steroid feedback that induces the GnRH/LH surge for ovulation occurs specifically in proestrus, so that the difference in GABA action during the estrous cycle and the sex may partly relate to the mechanism of LH surge.
In conclusion, the present results indicate that GABA exerts an excitatory action in GnRH neurons from prepubertal and adult rats. In addition, the response to GABA is modulated according to estrous cycle stage, diurnal rhythm, and sex.
